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Description 

FIELD OF THE INVENTION 

The present invention relates to substrates coated with activated carbon useful for filtering impurities from fluid 
streams. 

BACKGROUN D OF THE INVENTION 

Activated carbon is a nongraphitic, microcrystalline form of carbon which has been processed to produce a carbon 
with high porosity. The pores formed in the activated carbon may be macropores (e.g., pores having a diameter greater 
than about 500 angstroms), mesopores (e.g., pores having a diameter between about 20 and 500 angstroms), or micro- 
pores (e.g., pores having a diameter less than about 20 angstroms). Activated carbon is characterized by a high specific 
surface area (e.g., 300 to 2500 m 2 /g) and is known for its high adsorptive capability. Activated carbon enjoys wide- 
spread use in the removal of impurities from fluid (i.e., liquid or gas) streams. For example, impurities in foods (e.g., fruit 
juices, alcoholic beverages) or medicinals (e.g., insulin, vitamins) can be successfully filtered using activated carbon. 
Likewise, activated carbon is useful in the removal of gaseous species present in low concentrations in air or gas 
streams (e.g., in gas separation processes, processes for removal of organic vapors, or in cigarette filters). Activated 
carbon has particular utility in adsorbing and purifying fluid emissions from internal combustion engines. 

Conventionally, activated carbon is used in a powdered or granular form. Powdered or granular activated carbon is 
inconvenient to use in processes where continuous flows of fluids are filtered and/or treated. To solve this problem, 
attempts have been made to use activated carbon in the form of, or in conjunction with, a solid substrate. 

For example, attempts have been made to manufacture monolithic substrates consisting essentially of activated 
carbon or to extrude carbonaceous material as a substrate and then convert the entire substrate to activated carbon. 
In such processes, a binder is typically added to the activated carbon powder and the mixture is extruded as a mono- 
lithic substrate. See, for example, United States Patent Nos. 5,043,310 to Takeuchi, et al., 4,999,330 to Bose, et al., 
4,399,052 to Sugino, and 4,386,947 to Mizuno, et al. Substrates formed by these methods have limited utility. For exam- 
ple, the binder used to facilitate extrusion will block the pores of the activated carbon and, therefore, diminish the sub- 
strate's adsorption capability. If the amount of binder is reduced to minimize blocking, the strength of the substrate is 
unacceptably reduced. Furthermore, most substances useful as extrusion binders begin to deteriorate at temperatures 
above 150°C, further diminishing their applicability. Lastly, components of the process stream being filtered often react 
with commonly used extrusion binders, causing the binder to deteriorate during use. For example, water present in a 
fluid stream will dissolve methylceilulose, a very commonly used extrusion binder. 

United States Patent No. 4,518,704 to Okabayashi, et al. describes a method for making an activated carbon sub- 
strate using an inorganic binder (e.g., clay, talc, alumina, fusible glass powder). The high percentage of binder particles 
required to achieve minimal strength in the honeycomb, however, results in low adsorptive capability. Furthermore, the 
strength of the formed substrate remains low due to the poor bonding of the carbon to the inorganic binders. 

Other, likewise unsatisfactory, attempts to form activated carbon substrates feature coating a substrate with, for 
example, a slurry of activated carbon in a binder. See United States Patent Nos 4,992,319 to Kurosawa, et al and 
5,104,540 to Day et a/. The requisite binder in the carbon coating results in substrates with poor adsorptive capability 
due to the binder particles closing off some of the porosity in the activated carbon. Furthermore, the activated carbon 
is prone to flaking or chipping off the substrate due to the weak bond between the binder, the carbon, and the substrate. 

EP-A-0342 598 describes an activated carbon-supporting honeycomb structure made by infiltrating an inorganic 
paper with a suspension of activated carbon and a binder followed by drying, shaping and bonding the carbon coated 
paper into a honeycomb structure of a desired size. 

There continues to be a need for substrates utilizing activated carbon that are strong, temperature resistant, resist- 
ant to chipping or flaking, and highly adsorptive. 

SUMMARY OF THE INVENTION 

The present invention provides a composite structure incorporating a coating of activated carbon on the surface of 
an inorganic substrate, characterised in that: the substrate is an inorganic monolithic substrate having an outer surface 
from which pores extend into said substrate, and the coating extends over said substrate's outer surface as a substan- 
tially uninterrupted adherent layer of activated carbon which penetrates into and is distributed substantially throughout 
the pores. We have unexpectedly discovered that the composites of the present invention exhibit very high adsorptive 
capabilities despite containing relatively low amounts of carbon. 

The present invention also provides a method of making an inorganic, activated carbon-coated substrate by pro- 
viding a coating of activated carbon thereon, characterised by: selecting a substrate which consists of an inorganic 
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monolithic substrate having an outer surface from which pores extend into the substrate; coating the inorganic substrate 
with an impregnating liquid consisting essentially or wholly of a carbon precursor liquid which penetrates into and sub- 
stantially throughout the pores; treating the coated inorganic substrate under conditions effective to cure substantially 
the carbon precursor liquid; treating the coated inorganic substrate under conditions effective to convert the cured car- 
5 bon precursor liquid to carbon; and treating the coated inorganic substrate under conditions effective to activate the car- 



The composites of the present invention have carbon coatings that are highly resistant to chipping or flaking off, 
exhibit high strength, and are resistant to high temperatures. In addition, the inventive composites exhibit adsorptive 
capabilities unexpectedly higher than prior art substrates manufactured in the form of extruded carbon or substrates 
10 dipped in a slurry of activated carbon and binder. 



The composite of the present invention includes an inorganic substrate having an outer surface from which pores 
is extend into the substrate and a coating extending over the substrate's outer surface as a substantially uninterrupted 
layer of carbon. The carbon coating penetrates into and is distributed substantially throughout the pores of the inorganic 
substrate. The carbon in the pores is believed to form a coating on the walls of the pores. The present composite can 
be produced by a method including the steps of providing an inorganic substrate which is contacted with a coating and 
impregnating substance consisting essentially or wholly of a carbon precursor liquid. The inorganic substrate is then 
20 heated under conditions effective to cure substantially the carbon precursor liquid. The substrate is then heated to con- 
vert the cured carbon precursor liquid to carbon. The substrate is then treated under conditions effective to activate the 
carbon. 

The inorganic substrate of the present invention can be made from any known material and made by any known 
process. The only requirement is that the substrate have pores extending from its outer surface and be capable of with- 

25 standing the temperatures required to cure and convert the carbon precursor and to activate the carbon. The overall 
porosity of the substrate should be greater than about 10 percent. The overall porosity of the substrate is preferably 
greater than 25, most preferably greater than 40, percent. For most purposes the desirable range of porosity is between 
45 and 55 percent. Preferably, the pores of the substrate material create "interconnecting porosity." Interconnecting 
porosity is characterized by pores which connect into and/or intersect other pores to create a tortuous network of poros- 

30 ity within the substrate. In accordance with the present method, carbon precursor liquid penetrates into this intercon- 
necting porosity and, upon curing and carbonization, creates a coating that is physically interlocked within the 
interconnecting porosity of the substrate. 

Suitable porous substrate materials include metallic as well as ceramic materials. 

For example, alumi no-silicates (e.g., porcelains), silicate, titanate, zirconate, zirconia, zirconia-spinel, and magne- 

35 sium alumino-silicates, alumina, spinel, muliite, and cordierite are all suitable ceramic substrate materials. Particularly 
useful inorganic substrates are rigid, refractory materials which exhibit interconnecting porosity, such as cordierite. 
Cordierite is also preferred because its coefficient of thermal expansion is comparable to that of carbon, increasing the 
stability of the formed composite. 

Metallic materials suitable for constituting the substrate are generally any metal or alloy or inter metallic compound 

40 that provides durable structural service, and desirably one that does not soften below about 600°C. Particularly useful 
are alloys which are predominantly of iron group metal (i.e. Fe, Ni, and Co), either with carbon (e.g. steels, especially 
stainless or high temperature steels) or without carbon. Most typical of the latter alloys for higher temperature service 
are those consisting essentially of iron group metal and aluminum, with the preferred iron group metal being iron. Espe- 
cially preferred is Fe, Al, and Cr. For example, Fe5-20AI5-40Cr, and Fe7-10AI1 0-20Cr powders with other possible addi- 

45 tions are especially suited. Some typical compositions of metal powders for forming substrates are disclosed in U.S. 
Patent 4,992,233, 4,758,272, and European Patent Application Publication No. 4881 76A1 which are herein incorpo- 
rated by reference as filed. U.S. Patents 4,992,233 and 4,758,272 relate to methods of producing porous sintered bod- 
ies made from metal powder compositions of Fe and A! with optional additions of Sn, Cu, and Cr. European Patent 
Application Publication No. 4881 76A1 relates to porous sintered bodies having a composition consisting essentially of 

so in percent by weight about 5 to about 40 chromium, about 2 to about 30 aluminum, 0 to about 5 of special metal, 0 to 
about 4 of rare earth oxide additive and the balance being iron group metal, and unavoidable impurities such as eg., Mn 
or Mo, with the preferred iron group metal being iron. When rare earth oxide is present, the special metal is at least one 
of Y, lanthanides, Zr, Hf, Ti, Si, alkaline earth metal, B, Cu, and Sn. When no rare earth oxide is present, the special 
metal is at least one of Y, lanthanides, Zr, Hf, Ti, Si, and B, with optional additions of alkaline earths, Cu, and Sn. 

55 The substrate can take any known form including, for example, tubes, foams, multicellular bodies, or honeycombs. 
The composite is preferably a honeycomb having a matrix of thin walls forming a multiplicity of open-ended cells extend- 
ing between the ends of said honeycomb. A honeycomb substrate can have cell density of at least about 7.75 cells per 
square cm and as high as about 1 25 cells per square cm, but more desirably in the range of 1 5.5-93 cells/cm 2 and pres- 
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ently preferably 62 cells/cm 2 . 

The thickness of walls in a honeycomb substrate can be in the range of about 0.05 to 1 .27 mm, while at least 0.076 
mm is more practical, and desirably about 0.15 to 0.5 mm. 

Preferred substrates and their methods of manufacture are disclosed in United States Patent Nos. 3,790,654 to 
Bagley and 3,824,196 to Benbow, et al. Other illustrative fabrication techniques, which are useful for this invention, are 
shown in United States Patent Nos. 3,112,184, 3,397,154, and 3,444,925. 

In accordance with the present method, the inorganic substrate is first contacted with a coating and impregnating 
substance consisting essentially or wholly of a carbon precursor liquid. For the purposes of this invention, a carbon pre- 
cursor liquid includes carbon precursor solutions, carbon precursors that are liquid at ambient temperatures, or carbon 
precursors otherwise capable of being liquefied by heating or other methods. Contacting can be accomplished by any 
method suitable to bring the carbon precursor solution in intimate contact with the inorganic substrate. Exemplary meth- 
ods of contacting include dipping the substrate in the precursor solution or spraying the precursor solution directly on 
the substrate. 

The eventual quantity of carbon formed on the composite is dependent on the amount of carbon precursor retained 
by the inorganic substrate. The amount of carbon precursor retained by the substrate can be increased, for example, 
by contacting the substrate with the precursor liquid more than once and allowing the substrate to dry between contact- 
ing steps. In addition, the amount of precursor retained by the substrate can be controlled in porous substrates by sim- 
ply modifying the overall porosity of the substrate (e.g., increasing porosity will increase the amount of precursor 
retained by the porous substrate and, in turn, the amount of carbon formed). 

Carbon precursors useful in the present method include any liquid or liquefiable carbonaceous substance. Exam- 
ples of useful carbon precursors include thermoplastic resins (e.g., polyvinylidene chloride, polyvinyl chloride, polyvinyl 
alcohol, and the like), thermoset resins (e.g., epoxies, phenolic resins, polyesters, polyimides, and the like), sugar solu- 
tions, furfuryl alcohol, and coal tar pitch. 

Low viscosity carbon precursors (e.g., thermoset resins) are preferred because their low viscosity allows greater 
penetration of the carbon precursor into porous inorganic substrates. Phenolic resins are most preferred due to their 
low viscosity, high carbon yield, high degree of cross-linking upon curing relative to other precursors, and low cost. The 
carbon precursor liquid used in the present method can include a single precursor material or a mixture of two or more 
precursor materials. Optionally, activated carbon can be added to the carbon precursor liquid to increase the adsorptive 
capability of the formed composite. 

After the contacting step, the inorganic substrate is treated under conditions effective to cure (i.e., solidify) the car- 
bon precursor on (and within) the inorganic substrate. Curing is typically accomplished by heating the coated inorganic 
substrate to temperatures in the range of about 100 to 200°C. for about 0.5 to 5.0 hours. Curing is generally performed 
in air at atmospheric pressure. When using certain precursors (e.g., furfuryl alcohol) curing can be accomplished by 
adding an acid catalyst at room temperature. 

The inorganic substrate is then heated under conditions effective to convert substantially the cured carbon precur- 
sor to carbon. Essentially, carbonization is the thermal decomposition of the carbonaceous material, thereby eliminating 
low temperature species (e.g., carbon dioxide, water, etc.) and producing a fixed carbon mass and a rudimentary pore 
structure. 

Such conversion or carbonization of the cured carbon precursor is typically accomplished by heating the substrate 
to a temperature in the range of 600 to 1000°C for about 1 to 10 hours in a reducing or inert atmosphere (e.g., nitrogen, 
argon). 

Curing and carbonizing the carbon precursor on the substrate results in a composite with a coating extending over 
the outer surface of the substrate in the form of a substantially uninterrupted layer of carbon. In accordance with the 
present method, this continuous carbon coating is anchored into the porosity of the substrate and, as a result, is highly 
adherent. The top surface of the carbon coating is an uninterrupted layer of carbon to carbon bonds. This can be con- 
trasted with a "discontinuous" carbon coating obtained, for example, on structures coated with a slurry of binder and 
activated carbon. In slurry-coated structures, activated carbon is bound to the binder which, in turn, is bound to the sub- 
strate. As a result, binder particles are necessarily interspersed throughout the carbon coating, rendering it discontinu- 
ous. 

As discussed above, if interconnecting porosity is present in the substrate, an interlocking network of carbon will be 
formed within the composite, resulting in an even more adherent carbon coating. The coating of uninterrupted carbon 
extending over the outer surface of the substrate formed in accordance with the present method provides a composite 
with unexpected advantages, i.e.. high adsorptive capability despite a relatively low carbon content, high strength, and 
high use temperatures. In accordance with the present invention, composites can be formed which contain carbon in 
an amount less than and up to about 50 percent, often less than and up to about 30 percent, of the total weight of the 
composite. 

The surprisingly high adsorption capacity of these substrates compared, for example, to substrates formed by 
extruding mixtures of activated carbon and binder is illustrated below in Examples 13, 14 and 15 where the adsorption 
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capacity per gram of carbon is shown to be two to three times that of extruded "all carbon" honeycombs having the 
same geometry. 

Preferably, the carbon on the cured and carbonized composite is activated. The objective of the activation process 
is to enhance the volume and to enlarge the diameter of the pores formed during the carbonization process, as well as 
to create new porosity. Activation of the carbon creates a high surface area and, in turn, imparts high adsorptive capa- 
bility to the composite of the present invention. Any known method for activating carbon can be employed. Useful acti- 
vation methods generally take the form of exposing the composite to an oxidant such as steam, carbon dioxide, metal 
chloride (e.g., zinc chloride), phosphoric acid, or potassium sulfide, at high temperatures (e.g., about 600 to 1000°C). 

The invention is further illustrated by the following non -limiting examples. 

EXAMPU5S 
Example 1 

A sample was core drilled from a cordierite honeycomb having about 60 cells per square centimeter ("cells/cm 2 "), 
a wall thickness of about 150 microns, and an overall porosity of 30 percent which was prepared according to the pro- 
cedures described in United States Patent Nos. 3,885,977 and 4,001,028. The core drilled sample had a length and 
diameter of 2.54 centimeters ("cm"). The sample was dipped for 10 minutes in Plyophen™ 43-290, a phenolic resole 
solution supplied by Occidental Chemical Co., Niagara Falls, N.Y. The sample was removed from the resole solution 
and allowed to rest on an absorbent paper towel to drain excess resin from the cells. The sample was then dried at 60° C 
for 30 minutes in air and then cured at 150°C for 30 minutes. The resin formed a strong, highly cross-linked coating on 
the surface of the substrate upon curing. The coated honeycomb was next heated in a nitrogen atmosphere at a rate of 
100°C per hour to 900°C and held at that temperature for one hour to convert the cured resin to carbon (i.e., to carbon- 
ize the resin). Next, the sample was cooled to room temperature in the nitrogen atmosphere. The sample was then 
heated at a rate of 200°C per hour to 800°C and the carbon was activated by exposing the substrate to a flow of 23 mole 
percent steam in nitrogen for one hour. At the end of the hour, the steam f tow was stopped and the sample was cooled 
in a nitrogen atmosphere to room temperature. 

The sample was subjected to adsorption measurement on a bench scale system. The sample was kept in a flow- 
stream of 1500 parts per million (ppm) n-butane in nitrogen at a rate of 4000 milliliters ("ml") per minute. A hydrocarbon 
analyzer using a flame ionization detection method (sold by Rosemount Analytical, Model 400A) measured the percent- 
age of hydrocarbon passing through the system. The readings were recorded every 30 seconds. The total mass of 
hydrocarbon adsorbed was obtained by integrating the area of a plot of the percentage of hydrocarbon versus time, 
based on the rate and concentration of the hydrocarbon used. 

The two minute adsorption efficiency was also determined from this curve. Useful composites for adsorption of 
automotive fuel emissions should exhibit a two minute adsorption efficiency of greater than 90 weight percent. 

The two minute adsorption efficiency for the sample was 99.68 weight percent and the total hydrocarbon adsorbed 
was 55 mg, indicating that the composite according to the present invention exhibits excellent adsorptive capability. 

Example 2 

A sample was prepared according to the procedure described in Example 1 , except that the quantity of resin on the 
honeycomb was increased by dipping the honeycomb in resin, removing excess resin by allowing it to stand on an 
absorbent paper, drying the honeycomb at 60°C for 30 minutes and then repeating the procedure. This procedure 
resulted in a sample having 10.2 weight percent activated carbon compared to 6.6 weight percent activated carbon on 
the sample of Example 1 . The two minute adsorption efficiency was 99.94 weight percent and the total weight of hydro- 
carbon adsorbed was 82.67 mg, indicating that the increased carbon yield resulted in significantly higher total adsorp- 
tion capability. 

Example 3 

A sample was prepared according to the procedure described in Example 2, except that the sample was core 
drilled from a 15 cells/cm 2 honeycomb having an internal wall thickness of about 430 microns. The sample had a two 
minute adsorption efficiency of 91.68 weight percent and a total adsorption of 153 mg. Comparison with the samples 
of Examples 1 and 2 shows that the two minute adsorption efficiency thus is lower for the 1 5 cell/cm 2 sample. This result 
is expected due to the lower geometric surface area available to the flowing gas. The total adsorption capability is higher 
due to higher amounts of activated carbon in the thick, porous walls of the 15 cells/cm 2 sample, which retain a large 
amount of the precursor liquid. 
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Example 4 

A sample was prepared according to the procedure described in Example 3, except that the carbonization atmos- 
phere was a mixture of nitrogen and hydrogen (94:6) ("forming gas"). The sample had a two minute adsorption effi- 
5 ciency of 90.77 weight percent and total adsorption of 1 45.2 mg. Although the results are slightly lower than in the case 
of Example 3, where nitrogen alone was used as the carbonization atmosphere, they are comparable. 

Example 5 

10 A sample was prepared according to the procedure described in Example 2, except that the carbonization heating 
rate was 300°C per hour instead of 100°C per hour and steam activation was with 25 mole percent steam in nitrogen. 
The two minute adsorption efficiency of the sample was 99.98 weight percent and total adsorption was 84 mg indicating 
that rate of heating during carbonization does not significantly affect the total adsorption or two minute adsorption effi- 
ciency. 



15 



45 



Example 6 



A sample was prepared according to the procedure described in Example 5 except that activation was performed 
with 88 mole percent steam in nitrogen. The resulting honeycomb had a two minute adsorption efficiency of 98.11 
20 weight percent and total adsorption of 43 mg. Therefore, increasing the ratio of steam from 25 to 88 mole percent in the 
activation step results in decreasing the adsorption capability of the composite by about 50 percent. 

Example 7 

25 Carbon precursor liquids were prepared using thermoplastic polymers. Polyvinyl alcohol was added to water at a 
concentration of one weight percent. Separate solutions of polyvinylidene chloride and polyvinyl chloride, respectively 
were added to tetrahydrofuran at a concentration of one weight percent. Samples were then prepared according to the 
procedure described in Example 1 using each respective thermoplastic resin as the carbon precursor. Analysis of the 
carbon content of the resulting samples indicated that the samples contained only 1 to 2 weight percent carbon, based 

30 on the weight of the uncoated cordierite substrate. Samples prepared using a thermoset resin as a carbon precursor 
(i.e., the sample of Example 1) contain 30 to 40 weight percent carbon. These results indicate that thermoset resins are 
preferred to thermoplastic resins as a carbon precursor due to the increased carbon yield obtained when thermoset 
resin is used as a carbon precursor. 

35 Example 8 

20 weight percent activated carbon powder (BPLF3, sold by Calgon Carbon, Pittsburgh, Pennsylvania, was dis- 
persed in a 50:50 weight ratio mixture of Plyophen™ 43-290 phenolic resin and distilled water. A 2.54 cm diameter, 2.54 
cm high honeycomb having about 60 cells/cm 2 and a wall thickness of about 150 microns was dipped in the resulting 
40 mixture for ten minutes. The coated sample was heated at 150°C for 30 minutes to cure the phenolic resin. Adsorption 
analysis of the sample revealed a two minute adsorption efficiency of less than 10 weight percent and a total hydrocar- 
bon adsorption of 2.13 mg. These results indicate that coating a substrate directly with activated carbon in a curable 
liquid does not provide a composite exhibiting useful adsorptive capability. This is probably due to the cured precursor 
material clogging pores in the activated carbon. 



Example 9 



The sample of Example 8 was carbonized in forming gas at 900°C and its adsorption efficiency measured. The 
sample had a two minute adsorption efficiency of 91 .3 weight percent and a total adsorption of 71 .9 mg. These results 
so indicate that carbonizing the cured phenolic resin will unclog the pores of the activated carbon and provide a composite 
with useful adsorption properties. 

Example 10 

55 The sample of Example 9 was heated at 800°C and exposed to a mixture 34 mole percent steam in nitrogen for 
one hour to activate the carbon formed from the cured phenolic resin. The sample exhibited a two minute adsorption 
efficiency of 95 weight percent and total adsorption of 79.4 mg. Activation thus results in an improvement in total 
adsorption as well as in two minute adsorption efficiency. 
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Example 11 



Six samples core drilled from a cordierite honeycomb (60 cells/cm 2 , 150 micron wall thickness) were coated with 
activated carbon according to the procedures described in Example 2. The samples were then subjected to a heat treat- 

5 ment at 250°C for four hours in air. The crush strengths of these samples were measured by mounting a 2.54 cm diam- 
eter, 2.54 cm thick sample between two steel platens and applying an increasing mechanical load, utilizing a crosshead 
speed of 1 .02 mm/minute until the sample failed. The recorded result was the load at the time of failure. The crush 
strengths of the inventive composites were then compared to the crush strengths of uncoated, untreated cordierite hon- 
eycomb samples. The average crush strength of coated and treated samples was 268 kilograms/cm 2 compared to 191 

w kilograms/cm 2 for uncoated, untreated cordierite samples. The increased strength of the coated samples is attributable 
to resin infiltration into the pores and cracks of the substrate. Upon curing, the resin imparts increased strength to the 
substrate. As a result, composites with very high strengths can be produced according to the inventive method. 

A second set of substrates (the "extruded samples") were formed by extruding activated carbon as described 
below. A batch containing six weight percent hydroxy propyl methyl cellulose, two weight percent polyvinyl alcohol and 

15 -200 mesh activated carbon (Caigon Carbon BPLF3) was dry mixed in a turbula mixer for three minutes. The mixed, dry 
ingredients were charged to a Muller Mixer™ and a sufficient amount of water was added to form a homogeneous, plas- 
ticized batch. Mixing time was about 30 minutes. The plasticized batch was extruded through a 25 ton extrusion press 
to form honeycombs of 2.54 cm diameter. The extruded samples exhibited the same geometry as the inventive samples 
(i.e., 60 cell/cm 2 , 150 micron wall thickness). The samples were dried at 100°C to remove water. The crush strength of 

20 these honeycombs was measured as described above. The average crush strength of the as formed honeycombs was 
35.2 kg/cm 2 . The strength of the inventive samples and the extruded samples were again measured after exposure to 
250°C in air for four hours. The extruded samples had an average crush strength of 0-1 kg/cm 2 . The inventive samples 
had an average crush strength of 268 kg/cm 2 . These results indicate that composites produced according to the inven- 
tive method exhibit much higher strength and temperature capability than substrates produced by extruding activated 

25 carbon. 

Ex am ple 12 

The sample of Example 2 was subjected to 350°C, 4 hour, air treatment and adsorption capability was analyzed. 
30 The treated sample exhibited a two minute adsorption efficiency of 99.93 weight percent and total butane adsorption 
was 78.3 mg. Comparison with the sample of Example 2 (untreated) reveals virtually no difference between the adsorp- 
tion capability of the treated and untreated composites. These results illustrate the ability of the composites of the 
present invention to operate effectively at high temperatures. 

35 Example 13 

A cordierite honeycomb substrate having 60 cells/cm 2 , a wall thickness of 150 microns, and an overall porosity of 
50 percent was coated with phenolic resin, cured, and carbonized according to the procedures described in Example 
1 . The carbon on the substrate was activated in a mixture of 23 mole percent steam in nitrogen at 800° C. The resulting 

40 composite contained a total of 1 .15 g of carbon. A second substrate (the "extruded sample") was prepared by dry-mix- 
ing a batch containing six weight percent hydroxypropylmethylcellulose, two weight percent polyvinyl alcohol as a dry 
powder, and -200 mesh activated carbon in a turbula mixer for 30 minutes. The mixed, dry ingredients were charged to 
a Muller™ Mixer and sufficient amount of water was added to form a homogenous, plasticized batch. Mixing time was 
about 30 minutes. The plasticized batch was then extruded through a 25 ton extrusion press to form honeycombs hav- 

45 ing a diameter of 2.54 cm and a length of 2.54 cm. The extruded sample had a cell concentration of 60 cells/cm 2 and 
a wall thickness of about 150 microns. The extruded sample was 92 weight percent carbon, containing a total of 2.25 g 
of carbon. The samples were dried at 100°C to remove water. The adsorption capability of the two samples was meas- 
ured as described in Example 1 . The total adsorption of the inventive sample was 154.5 mg, while the total adsorption 
of the extruded sample by extruding activated carbon was 155.5 mg. These comparable adsorption capabilities are 

so unexpected because the inventive sample contains less than half the carbon of the extruded sample. 



A honeycomb substrate (60 cell/cm 2 , 150 micron wall thickness), having a 2.54 cm diameter and 2.54 cm length, 
55 was dipped in a slurry of 250 g water, 10 g of phenolic resin, and 90 g activated carbon [Caigon Carbon BPLF3, - 200 
mesh) and excess solution was blown off the channels. The sample was baked at 150°C for 5 minutes. The slurry-dip- 
ping process was then repeated to increase the thickness of the slurry coating. After the second dipping, the sample 
was baked at 150°C for 4 hours to cure the resin. Butane adsorption capability of the cured sample was measured 



Example 14 
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according to the procedure described in Example 1 , above. Total adsorption capacity (Adsorp. Capacity) of the slurry- 
dipped sample, as well as the extruded and inventive samples of Example 13, was determined by dividing the total 
adsorption of butane of each sample by the amount of activated carbon present on/in the sample and expressed as mg 
of butane adsorbed/g of activated carbon present. Trie results are shown below in Table I, below. 



TABLE I 





Amount of Carbon (g) 


Butane Capacity (mg) 


Adsorp. Capacity (mg/g) 


SamDle 1 Inventive Sample 


1.15 


154.4 


134.3 


Sample 2 Extruded Sample 


2.25 


155.5 


69.1 


Sampled Slurry-dipped Sample 


1.7 


90 


52.9 



As illustrated by Table I, the adsorption capacity of the inventive sample is two and a half times that of the slurry- 
dipped sample and two times that of extruded (all carbon) sample. Therefore, the adsorption capacity of the inventive 
sample is significantly and unexpectedly improved over that of the slurry- dipped and extruded samples. In addition, the 
inventive sample does not exhibit problems such as binder deterioration at low temperatures and poor bonding of the 
carbon to the inorganic substrate (resulting in poor durability) as seen in both the slurry-dipped and extruded, all carbon 
samples. 

Example 15 

A cordierite honeycomb substrate having 15 cells/cm 2 , a wall thickness of 430 microns, and an overall porosity of 
45 percent was coated with phenolic resin, cured, and carbonized according to the procedures described in Exampte 
1 . The carbon on the substrate was activated in a mixture of 23 mole percent steam in nitrogen at 800° C. The resulting 
composite contained a total of 1 .12 g of carbon. A second substrate (the "extruded sample") was prepared by extruding 
a combination of activated carbon and a polymer binder in a comparable honeycomb configuration according to the pro- 
cedure for preparing the extruded sample described in Example 1 3. The extruded sample contained a total of 3.06 g of 
carbon. The adsorption capability of the two samples was measured as described in Example 1 . The total adsorption 
of the inventive sample was 169 mg, while the total adsorption of the extruded sample was 180 mg. Like Example 13 
above, these comparable adsorption capabilities are unexpected because the inventive sample contains approximately 
only one third the carbon of the extruded sample. 

Example 16 

Two samples were prepared according to the procedure described in Example 1 , except that one of the samples 
had about 60 cells/cm 2 and a wall thickness of about 150 microns (geometric surface area of 27.7 cm 2 /cm 3 ). The sec- 
ond sample had about 15 cells/cm 2 and a wall thickness of about 430 microns (geometric surface area of 15.1 
cm 2 /cm 3 ). The adsorption capability of the two samples is illustrated in Table II below. The total mg of butane adsorbed 
and the efficiency at 2 minutes in the bench scale test are reported in Table II, below. 



TABLE II 



Honeycomb geometry 


Total Adsorption (mg) 


2 Minute adsorption effi- 


Geo. Surface Area 


cells/wall thickness 




ciency (%) 


(cm 2 /cm 3 ) 


60/150 


154.48 


99.96 


27.7 


15/430 


168.45 


91.48 


15.1 



As shown by Table II, the honeycomb having a higher geometric surface area (60 cells/cm 2 , 150 micron wall thick- 
ness) exhibited a higher adsorption efficiency. This is attributable to the fact that adsorption is a surface phenomena 
and is thereby influenced by the geometric surface area of the honeycomb itself, especially when measuring adsorption 
capability over short time intervals. 



8 



EP 0 608 539 B1 



Example 17 

Three porous, sintered, metallic honeycombs containing differing ratios of iron, chromium, and aluminum were pre- 
pared according to procedures described in United States Patent Nos. 4,992,233 and 4,758,272. The metallic honey- 
combs were fired at a top temperature of 1100°C and, consequently, were highly porous. The metallic honeycombs 
were coated according to the procedure described above in Example 1 . The properties of the coated, metallic honey- 
combs are illustrated in the Table III, below. 



TABLE III 



No. 


Composition 


Porosity Percent 


Carbon wt. percent 


4 


80% Fe, 10% Cr, 10% Al 


24 


5.0 


5 


78% Fe. 12% Cr, 10% Al 


32 


5.5 


6 


70% Fe, 20% Cr, 10% Al 


31 


5.2 



In each sample, a useful amount of carbon was coated onto the metal honeycombs. The coatings were well 
adhered, thus illustrating the usefulness of the inventive method with metallic substrates. 

Claims 

1 . A composite structure incorporating a coating of activated carbon on the surface of an inorganic substrate, charac- 
terised in that: 

the substrate is an inorganic monolithic substrate having an outer surface from which pores extend into said 
substrate, and 

the coating extends over said substrate's outer surface as a substantially uninterrupted adherent layer of acti- 
vated carbon which penetrates into and is distributed substantially throughout the pores. 

2. A composite structure according to claim 1 , wherein the substrate is a ceramic or metallic material. 

3. A composite structure according to claim 1 , wherein the substrate is an alumina-silicate, silicate, titanate, zirconate, 
zirconia, zirconia-spinel, magnesium alumino-silicates, alumina, spinel, mullite, cordierite, an alloy including Fe, Ni, 
or Co, an alloy consisting essentially of an iron group metal and aluminum, or an alloy consisting essentially of Fe, 
Al and Cr. 

4. A composite structure according to any of claims 1 to 3, wherein the pores of the substrate create an interconnect- 
ing porosity within the substrate and the carbon coating is physically interlocked within the interconnecting porosity. 

5. A composite structure according to any of claims 1 to 4, wherein the substrate is a honeycomb having a matrix of 
thin walls forming a multiplicity of open-ended cells extending between the ends of the honeycomb, optionally 
wherein the honeycomb has at least about 7.75 cells per square centimeter and the thin walls have a thickness in 
the range of about 0.05 to 1 .27 millimeters 

6. A composite structure according to claim 5, wherein the carbon coating comprises no more than about 50 percent 
of the total weight of the honeycomb. 

7. A method of making an inorganic, activated carbon-coated substrate by providing a coating of activated carbon 
thereon, characterised by: 

selecting a substrate which consists of an inorganic monolithic substrate having an outer surface from which 
pores extend into the substrate; 

coating the inorganic substrate with an impregnating liquid consisting essentially or wholly of a carbon precur- 
sor liquid which penetrates into and substantially throughout the pores; 

treating the coated inorganic substrate under conditions effective to cure substantially the carbon precursor liq- 
uid; 

treating the coated inorganic substrate under conditions effective to convert the cured carbon precursor liquid 
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to carbon; and 

treating the coated inorganic substrate under conditions effective to activate the carbon. 
8. A method according to claim 7, wherein the carbon precursor liquid is a thermoset resin, or a phenolic resin. 
Patentanspruche 

1 . Verbundstruktur mit einer Beschichtung aus einem aktivierten Kohlenstoff auf der Oberf lache eines anorganischen 
Substrats, dadurch gekennzeichnet, daB 

das Substrat ein anorganisches Monolithsubstrat mit einer AuBenflache ist, von der die Poren in das Substrat 
rag en, und 

die Beschichtung uber die AuBenflache des Substrats in Form einer im wesentlichen ununterbrochenen, 
anhaftenden Schicht aus aktiviertem Kohlenstoff reicht, die in die Poren eindringt und im wesentlichen uber 
alle Poren verteilt vorliegt. 

2. Verbundstruktur nach Anspruch 1 , wobei das Substrat ein Keramikmateria! Oder Metallmaterial ist. 

3. Verbundstruktur nach Anspruch 1, wobei das Substrat ein Aluminiumoxid-Silikat, Silikat, Titanat, Zirkonat, Zirkon- 
dioxid, Zirkondioxid-Spinell, Magnesiumalumino-Silikat, Aluminiumoxid, Spinell, Mullit, Cordierit, eine Fe, Ni Oder 
Co enthaltende Legierung, eine Legierung, die im wesentlichen aus einem Metall der Eisengruppe und Aluminium 
besteht oder eine Legierung, die im wesentlichen aus Fe. Al und Cr besteht, ist. 

4. Verbundstruktur nach einem der Anspruche 1 bis 3, wobei die Poren des Substrats eine miteinander verbundene 
Porositat im Substrat bilden und die Kohlenstoffbeschichtung mit der untereinander verbundenen Porositat physi- 
kalisch ineinandergreift. 

5. Verbundstruktur nach einem der Anspruche 1 bis 4, wobei das Substrat ein Wabenkorper mit einer Matrix aus dun- 
nen Wandungen ist. die eine Vielzahl offenendiger Zellen bilden, die zwischen die Enden des Wabenkorpers rei- 
chen, wobei der WabenkOrper wahlweise zumindest etwa 7,75 Zellen pro cm 2 und die dunnen Wandungen eine 
Dicke im Bereich von etwa 0,05 bis 1 ,27 mm aufweisen. 

6. Verbundstruktur nach Anspruch 5, wobei die Kohlenstoffbeschichtung nicht mehr als etwa 50 % des Gesamtge- 
wichts des WabenkGrpers aufweist. 

7. Verfahren zur Herstellung eines anorganischen aktivierten kohienstoffbeschichteten Substrats durch Beschichten 
des Substrats mit einem aktivierten Kohlenstoff, gekennzeichnet durch: 

Auswahlen eines Substrats, das aus einem anorganischen Monolithsubstrat mit einer Au Ben oberf lache 
besteht, von der Poren in das Substrat reichen; 

Beschichten des anorganischen Substrats mit einer ImpragnierflQssigkeit, bestehend im wesentlichen Oder 
vollstandig aus einer Kohlenstoffvorlauferf IQssigkeit, die in die Poren und im wesentlichen uber alle Poren ver- 
teilt eindringt; 

Behandeln des beschichteten anorganischen Substrats unter Bedingungen, die bewirken, daB die Kohlenstoff- 
vorlauferf IQssigkeit im wesentlichen gehartet wird; 

Behandeln des beschichteten anorganischen Substrats unter Bedingungen, die wirksam sind, urn die gehar- 
tet e Kohlenstoffvorlauferf IQssigkeit zu Kohlenstoff umzuwandeln; und 

Behandeln des beschichteten anorganischen Substrats unter solchen Bedingungen, die wirksam sind, um den 
Kohlenstoff zu akt'rvieren. 

8. Verfahren nach Anspruch 7, wobei die Kohlenstoffvorlauferf IQssigkeit ein hrtzehartbarer Kunststoff Oder ein Phenol - 
harz ist. 

Revendications 

1 . Une structure composite comprenant un revetement de carbone actif sur la surface d'un substrat inorganique, 
caracterisee : 
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en ce que le substrat est un substrat monolithique inorganique presentant une surface exterieure dont partent 
des pores s'etendant vers I'interieur du substrat, et 

en ce que le revetement s'etend par-dessus ladite surface exterieure du substrat sous forme la forme d'une 
couche adherente continue de carbone actif qui penetre et est repartie sensiblement dans tous les pores. 

Une structure composite selon la revindication 1 , dans laquelle le substrat est une matiere ceramique ou metalli- 
que. 

Une structure composite selon la revendication 1, dans laquelle le substrat est une alumine-silicate, un silicate, un 
titanate, un zirconate, de la zircone, de la zircone-spinelle, des aluminosilicates de magnesium, de I'alumine. du 
spinelle, de la mullite, de la cordierite. un alliage renfermant du fer, du nickel ou du cobalt, un alliage essentielle- 
ment constitu6 d'un mGtal du groupe du fer et d'aluminium ou un alliage essentiellement constitue de fer, d'alumi- 
nium et de chrome. 

Une structure composite selon Tune quelconque des revendication s 1 a 3, dans laquelle les pores du substrat 
creent une porosite communicante au sein du substrat et le revetement de carbone est physiquement imbrique 
dans la porosite communicante. 

Une structure composite selon Tune quelconque des revendications 1 a 4, dans laquelle le substrat est un nid 
d'abeilles presentant un reseau de cloisons minces formant une multiplicity de cellules a extr6mites ouvertes 
s'etendant entre les extremites du nid d'abeilles, facultativement dans laquelle le nid d'abeilles comporte au moins 
environ 7,75 cellules par centimetre carre et les cloisons minces presenters une epaisseur se situant dans I'inter- 
valle d'environ 0,05 a 1,27 millimetre. 

Une structure composite selon la revendication 5, dans laquelle le revetement de carbone ne repr6sente pas plus 
d'environ 50 pour cent du poids total du nid d'abeilles. 

Un procede pour r6aliser un substrat inorganique rev§tu de carbone actif par etablissement d'un rev§tement de 
carbone actif sur celui-ci, caracterise par les operations consistant : 

a selectionner un substrat qui est constitue par un substrat monolithique inorganique presentant une surface 
exterieure dont partent des pores s'6tendant vers I'interieur du substrat ; 

a rev&tir le substrat inorganique d'un liquide d' impregnation constitue essentiellement ou entierement d'un 
liquide precurseur de carbone qui penetre sensiblement partout dans les pores ; 

a traiter le substrat inorganique rev§tu dans des conditions propres a faire sensiblement durcir le liquide pre- 
curseur de carbone ; 

a traiter le substrat organique revetu dans des conditions propres a transformer le liquide precurseur de car- 
bone durci en carbone ; et 

a traiter le substrat inorganique revetu dans des conditions propres a activer le carbone. 

Un procede selon la revendication 7, dans lequel le liquide precurseur de carbone est une resine thermodurcissa- 
ble ou une resine phenolique. 
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